Introduction
The concentrations and isotopic composition of xenon in meteorites have been investigated with considerable detail by REYNOLDS and his coworkers reactions. In addition, varying amounts of trapped xenon (primordial xenon) have been found in all investigated meteorites. Sophisticated experimental techniques have to be applied to disentangle these different components 3 . Results of xenon measurements allow important conclusions to be drawn, concerning the history and conditions prevailing during the formation of meteorites and the solar system. Some of these conclusions, such as the proposed particle irradiation during the early history of the solar system, are, however, based on rather marginal evidence.
The isotopic composition of meteoritic krypton has been investigated less extensively. Anomalies due to spallation reactions and neutron capture in bromine and selenium were reported by CLARKE and THODE 8 .
In this paper we report and discuss krypton and xenon measurements on five stone meteorites. One of our main objectives was to investigate the spallation components of meteoritic krypton and xenon and to measure their production rates. In order to enhance the spallation component as opposed to the contribution from other sources, we have selected two meteorites with high but different radiation ages and low trapped gas contents (H-Ausson, Bruder h e i m) and one meteorite with high Sr, Ba and rare earth concentrations (Stannern) . If the spallation component in these meteorites was produced by the cosmic radiation late in the history of the meteorite, it should be proportional to the radiation age and to the concentrations of the target elements (Sr, Zr, Ba, and rare earth elements). For comparison, two meteorites with high trapped gas content (A b e e and Mezö-Madaras) were chosen.
Meteorite Samples
The sources of our meteorite samples are listed in Table 1 , along with other relevant data. The chondrite specimen designated as H-Ausson was sold to us as belonging to the observed fall A u s s o n. However, we have shown that our specimen is probably mislabeled 13 and have consequently designated it as H -A u s s o n.
Aliquots of the crushed samples from our helium, neon and argon determinations 13 were available for Bruderheim, H-Ausson and Mezö-Madaras. Stannern was prepared according to the technique described elsewhere 13 . The A b e e sample which we received w r as already powdered. Samples between 100mg and 2.5 g were used, depending on the rare gas content.
Experimental Technique

Rare Gas Extraction and Concentration Determinations
Two different rare gas extraction systems were used: System I was connected directly to the mass spectrometer. The sample was melted in an alundum crucible with a molybdenum insert. The crucible was heated by an internal tungsten heater. Two radiation shields were used. The metal vacuum jacket was water cooled. The meteorite samples, wrapped in Al-foil, were stored in a glass side tube and could be dropped through a fun- nel into the crucible. The extracted gases were cleaned with a Ti-Zr-sponge getter, a hot CuO -Pd mixture, hot Ti-foil and a hot tungsten ribbon. System II is our standard rare gas extraction system used for the determination of the light rare gases as described by EBERHARDT, EUGSTER, GEISS, and MARTI 13 .
Both systems were free of mercury and had no cold traps. Prior to the extraction they were thoroughly baked at 300 °C and the extraction crucible degassed. The samples were heated to 70 °C in order to release adsorbed atmospheric gases. During the extraction the entire systems were kept at approximately 70 °C to avoid adsorption of krypton and xenon. Re-extractions at an increased crucible temperature showed that for both systems the extraction yield was better than 98%.
Prior to the mass spectrometric analyses Xe, Kr, and Ar were separated from He and Ne and from each other by adsorption on charcoal. This was necessary to avoid excessive memory due to high ion currents in the mass spectrometer and to exclude interference on mass 80 from Ar 40 . Xenon was adsorbed at -78 °C (dry iceethanol mixture), Kr at -120 °C (melting point of dry ice-ethanol mixture) and Ar at liquid air temperature. The xenon fraction always contained more than 60% of the Xe; the krypton fraction contained approximately 50% of the Kr and ^ 1% of the Ar. No isotopic fractionations due to the separation procedure were detected.
Extraction blanks of both systems were frequently determined from extractions on empty Al-containers and from re-extractions. The blank of system I was 15 x 10~1 2 cc STP Kr and 3 x 10~1 2 cc STP Xe; of system II 4x 10" 12 cc STP Kr and 2 x 10~1 2 cc STP Xe. Extraction system II was also superior in regard to residual organic impurities and had a much lower failure rate. Thus, for most results reported in this paper extraction system II was used.
At least two aliquots of the same sample were extracted to determine the isotopic composition and the reproducibility for each meteorite. The sample size was varied by at least a factor of 2 between these two determinations. Table 2 gives a comparison of the krypton and xenon isotopic compositions obtained in the two analyses of the Stannern achondrite. The agreement is very good, in spite of the low rare gas concentrations and the large anomalies. Also the duplicate analyses of the other meteorites always agreed within the errors given in Tables 4 and 5 .
The absolute concentration of xenon was determined in additional extractions using the isotopic dilution method. In order to avoid memory effects, no Xe 128 spike from irradiated iodine was used. For A b e e, which has a large Xe 129 anomaly, atmospheric xenon was added as spike. The xenon of A b e e was used as spike for the other four meteorites by adding small, known amounts of A b e e to the meteorite sample. The krypton concentrations were determined from Kr ion beam intensities in the argon, krypton and xenon fractions. Furthermore, the Kr/Xe ratio (corrected for the different mass spectrometer sensitivity for Kr and Xe) was measured in the unseparated Ar-KrXe fraction of an additional extraction. Kr concentrations were then calculated from the known Xe concentrations. In addition an isotopic dilution determination for Stannern was carried out with A b e e as spike. These different modes of the determination of the Kr concentrations always agreed within the limits of error given in Table 4 .
Mass Spectrometry
The rare gas samples were analyzed in a new, allglass, sector type, 60 degree, 10 cm radius of curvature, UHV mass spectrometer. The ion current could be measured either with a FARADAY collector or with an electron multiplier. Switchover from one collector to the other could be made in a few seconds. With a source magnet and a total electron emission of 1 mA, the sensitivity of the spectrometer is 0.6 x 10~4 ions/ atom sec for krypton and 0.8 x 10~4 ions/atom sec for xenon. This sensitivity corresponds to a detection limit of 2 x 10~1 5 cc STP per isotope. The mass discrimination was determined by measuring atmospheric krypton and xenon. NIER'S 14 values for their isotopic composition were used. All results are corrected for mass discrimination, which was always less than 0.4% per mass unit.
The total amounts of krypton and xenon admitted to the mass spectrometer, including standards, were always kept below a few 10~9 cc STP and the instrument was baked frequently at 320 °C, to keep the mass spectrometer memory as low as possible. Also, bombardment with argon ions helped in reducing memory. All isotopic ratios and ion beam intensities were measured as a function of time and all the data were extrapolated to the time of sample introduction.
Even after prolonged baking some background peaks were present at masses 76, 77 and 78, probably due to the C6H6 ring. A small correction, deduced from the observed 76 and 77 background, had therefore to be applied to Kr 78 . However, this correction was always smaller than 3% and the uncertainty of the correction has been included in the error assigned to Kr 78 . No other hydrocarbon background in the krypton and xenon mass region was present.
A broad background peak at mass 80 was observed when large amounts of Ar were introduced into the mass spectrometer. This background peak could either be due to Ar2 + molecules or to charge exchange (Ar ++ -> Ar + ) between ion source and magnetic analyzer. At argon pressures below 10 ~7 mm Hg the mass 80 peak always disappeared, if the electron energy was reduced below the Ar" 1-1 " appearance potential (44 V). At higher argon pressures (> 10 -6 mm Hg) the peak at mass 80 could not be eliminated by lowering the electron energy. Thus, at lower pressures only charge exchange contributes to the mass 80 peak, whereas at higher pressures also Ar2 + molecules are formed. However, the argon present in the Kr fraction was small enough that no corrections had to be applied. ArKr molecules could interfere with the xenon masses 124 and 126. Therefore, masses 122 and 123 were always monitored during the xenon measurements. These molecules were never observed.
Results
The results of our krypton and xenon measurements are given in Tables 4 and 5 were also taken into account. The errors in our gas standards are included in the indicated concentra-® 2 H 2 tion errors. j fc e* Z E g *L S O c8
In Table 6 
130
--
100
-- 3. In situ production in meteoritic constituents by particle irradiation or spontaneous fission during the early history of the solar system (GOLES and ANDERS 32 ; ROWE and KURODA 7 ).
4. Addition of products from particle irradiation or fission to the "primordial" Kr and Xe before it became trapped in the meteorite. We have chosen here a different approach and have analyzed selected meteorites, where some of the processes leading to anomalies are strongly enhanced.
Spallation Produced Isotopes of Krypton and Xenon
The Stannern Achondrite
In Figs 3. The isotopic composition of fission xenon can, of course, not be deduced from the measured xenon spectrum in S t a n n e r n , as it is masked by the large and unknown spallation contribution. We may, however, assume that the spectra of the fission components in the Stannern and Pasamonte meteorites are identical. Both are calcium-rich achondrites, but with different radiation ages. ROWE 41 . If the fission component in Stannern had resulted from spontaneous fission of transuranium elements, the fission ratio Kr/Xe would probably be smaller. Thus, Kr fusion /Kr 88 0.12 is assumed.
It should be pointed out that the relative spallation production rates of the light isotopes of Kr and Xe are quite independent of all these assumptions. This is reflected in their small errors. Especially the Xe 126 /Xe 124 ratio is virtually not influenced by any possible correction.
Xe 130 has a relatively low spallation yield. This is due to partial shielding by Ba 130 and reflects the strong neutron deficiency in heavy spallation products.
Spallation Isotopes in Chondrites
The Kr and Xe spallation components in the (Xe 124 /Xe 126 ) Spaii ratios are given in Table 9 .
The agreement between the three meteorites is very good.
A comparison between the Kr spallation spectra In Table 9 the concentrations of some spallation isotopes of argon, krypton and xenon are compared.
It is evident that the concentrations of the Xe and
Kr spallation isotopes rise with increasing radiation meteorite radiation age 10 6 vrs. Table 9 . Concentrations of some spallation produced isotopes in three meteorites. Concentrations of the other spallation isotopes can be calculated from ratios given in age. The higher concentrations in Stannern reflect the greater abundances of Sr, Zr, Ba, and the rare earth elements in this meteorite. This pattern strongly suggests that the spallation components of Xe and Kr in the three meteorites were produced by the same radiation as were He 3 , Ne 21 and Ar 38 , i. e. they are due to cosmic ray bombardment late in the history of the solar system. In the following this will be discussed in a more quantitative way.
MASS
Comparison between Observed and Calculated
Spallation Yields
The excitation function for spallation reactions can be approximated by [44] [45] [46] o ( 
with B=$o0A0*f9r(n)/(»-1 , n= \ (3 a -1) .
Equation (3) has been successfully applied to iron meteorites with Fe as target 47 ' 48 , as well as to other target elements in meteorites 49 . The parameter n depends on the hardness of the irradiation and can be calculated if the AA distribution of spallation isotopes has been measured. Values of n = 2.0 for small iron meteorites rising to n = 2.6 for large ones have been obtained 47 ' 48 ' 50 . No experimental data exist for stone meteorites. However, most stone meteorites are small and we have chosen n = 2 for all three meteorites.
P(AA,A0)
is the production rate for the total isobar. It has to be multiplied by the isobaric fraction coefficient g in order to obtain the cross section for one nucleus. We shall explicitly calculate production rates for Ar 38 Production rates calculated from Eq. (3) are given in Table 9 . They are estimated to be correct only within a factor of two, in view of the wide range in A0 and AA to which the very simple spallation formula (3) is being applied. Thus, the agreement between experimentally observed and theoretical ratios of spallation isotopes is quite satisfactory.
For practical purposes the production rates of Ar 38 , Kr 83 and Xe 126 can be approximately calculated from the simple relations
Kr 83 all=xrr( He 3 /Ar spaii ratios 13 . Variations in the size of the meteorite should influence Eqs. (7) and (8) less than Eqs. (4), (5), and (6).
In (7) and (8) are compared with the measured values. The agreement is satisfactory.
Conclusions
All these observations on the Kr and Xe spallation fractions in the three meteorites H-Ausson, Bruderheim and Stannern can be summarized as follows:
1. The spectra obtained are typical for spallation products from heavy elements.
2. The concentrations are proportional to radiation ages.
3. The concentrations vary according to chemical abundances.
4. The production rates are in agreement with general spallation theory.
We may, thus, safely accept that the irradiation responsible for the production of Arfpau, Ne fpaii and Hefpau can fully account for the Kr and Xe spallation components observed in the three meteorites.
It is generally agreed that the light spallation isotopes have been produced by cosmic radiation after the meteorite was removed from a shielded location inside its parent body late in its history. Consequently, this is also true for spallation Xe and Kr observed in the three meteorites discussed here.
A survey of the literature shows that so far all the The spectrum we obtain for meteoritic fission xenon is remarkably similar to that in the Navajo natural gas 6 .
Trapped Gases
Trapped Xenon
The isotopic composition of xenon in meteorites containing large quantities of heavy noble gases is listed in Table 11 . The AVCC (average carbonaceous chondrite) figures are averages from analyses of Murray, Mighei, and 0 r g u e i 1 2 . Enstatite chondrites not listed (Indarch, St. Mark's 2 ) have Xe isotopic ratios similar to Abee. REYNOLDS and TURNER 54 have extensively studied Xe in the R e n a z z o chondrite and have shown that it contains at least three components. They may be described as follows:
1. Xe evolved at 200-400 °C having an isotopic composition somewhere between carbonaceous chondrites and the atmosphere.
2. Xe released at 500 -1300 °C having an isotopic composition close to that of carbonaceous chondrites.
3. Fission xenon.
The component 3. is included in the 500 -1300 °C fraction in Table 11 . Because of the rather high abundance of the low temperature component REY-NOLDS and TURNER 54 have concluded that its isotopic composition cannot be explained by terrestrial contamination. It is interesting to speculate that part of this component might be "solar type" trapped gas, whereas Xe released at higher temperature 54 1. H. REYNOLDS Fig. 3 ). CLARKE and THODE 8 have already pointed out that neutron capture by bromine is the most likely explanation. This could have occurred either in situ by the meteoritic bromine or by bromine not associated with the meteorite. In the latter case the krypton formed would have been added to the trapped krypton found in the meteorite. These epsilon-values are given in In order to estimate possible relative production rates for different isotopes by (n,y) processes, we shall calculate the production in three different energy regions: 1) Eth to ~ 10 eV (aa roughly ~ l/v);
2) 30 -300 eV (aa determined by several large resonances); and 3) lOkeV -lOOkeV (oa roughly ~1/E).
The three energy regions sufficiently cover the possible neutron spectra, namely 1) highly moderated, 2) moderated, 3) poorly moderated.
In the first region it is assumed that aa~ \jv for all isotopes, in fairly good agreement with experimental data. The resonance integral R is then Table 14 are indeed due to (n,y) reactions of medium energy or fast neutrons.
Sources of Neutrons
During the exposure of the meteorite to the cosmic radiation, secondary neutrons are produced in the nuclear interactions. These neutrons are then moderated inside the meteorite. EBERHARDT, GEISS, and LUTZ 61 have extensively treated this problem and calculated slowing down densities of comic ray produced neutrons in stone meteorites. In small meteorites virtually all the neutrons escape and therefore slowing down densities are strongly size dependent. Table 16 during the radiation age of the meteorites slowing down densities of <7'= 0.07 neutrons cm -3 sec -1 for Abee and q = 0.28 neutrons cm -3 sec -1 for Mezö-Madaras would be required in the energy range of 30 eV to 300 eV. Such slowing down densities only occur in meteorites (spherical shape) with radii larger than 30 cm and 55 cm respectively. These limits may be 10 -20% too high, because we have neglected the relatively small production outside of the 30 -300 eV energy interval. These radii would correspond to minimal pre-atmospheric weights of 220kg for Abee and of 1.4 tons for Mezö-Madaras. The required mass for Abee seems not unreasonable, the recovered weight being 107 kg. From upper limits for neutron induced CI 36 activity in the same Abee sample BEGEMANN and VILCSEK 62 have derived an upper limit of 27 cm for the pre-atmospheric radius of A b e e.
In order to obtain the (^-values given in
The recovered weight of Mezö-Madaras is only 23 kg. However, this meteorite fall is described by KNÖPFLER 63 > 9 as follows: "After the appearance of a luminous meteor and detonations, a shower of many stones fell, of which the largest weighed about 10 kg". Thus, it may well be that Mezö-Madaras was a larger meteorite and that the main mass of the fall was never recovered. The observed Ne 22 /Ne 21 ratio would also be in agreement with a larger mass 13 . Mezö-Madaras is a relatively unaltered (primitive) meteorite 64 and its bromine and iodine content could be higher than the assumed average hypersthene chondrite values. Also the hydrogen content might be above average and thus the neutron moderation more effective. Both effects would considerably lower the required minimal mass.
For the Kr 80 (n,y) excesses in Bruderheim and H-Ausson, only upper limits of 1 x 10 -12 cc STP/gm can be given. This seems somewhat astonishing because Bruderheim is a large meteorite. However, the Bruderheim sample of CLARKE and THODE 6 has a Xe 128 excess of 8 x 10 -12 cc STP/gm. The Kr isotopic composition is not known in their sample. It thus seems that our sample has either much lower Br and I contents or that it was located close to the pre-atmospheric surface of the meteorite.
There remains little doubt that the observed Kr 80 , Kr 82 , and Xe 128 excesses in Abee are indeed due to cosmic ray produced neutrons. The same explanation for Mezö-Madaras would require that the meteorite was either much larger than indicated by the recovered mass or that it has above average H, Br, and I contents. Some evidence in favor for both requirements exists. At the present time it seems not necessary to invoke any "early irradiation" (neutral or charged) in order to explain the observed Kr 80 , Kr 82 , and I 128 excesses. 
Rare Gas Measurements in 30 Stone
General
During the last decade, the determination of the concentrations and isotopic compositions of rare gases in meteorites has become an important part of meteorite research and has given a great deal of information on the history of meteorites, the evolution of the solar system and on the intensity of cosmic radiation in the past. A considerable number of meteorites has been investigated and yet the accumulated body of data still seems to be insufficient to settle with statistical significance a number of important questions.
In this paper, we report and discuss concentrations and isotopic compositions of helium, neon and argon in 30 stone meteorites. In some of these meteorites, the isotopic abundances of krypton and xenon have also been determined 1 .
It has been our aim in the present work to measure the three light rare gases with good relative and absolute accuracy in a restricted number of chondrites. The simultaneous determination of helium, neon and argon in the same sample is very important for the interpretation of the rare gas data. absolute accuracy in the determination of isotopic compositions and concentrations is required.
Weathering and terrestrial temperatures may influence the rare gas content of a meteorite, and thus we have mainly investigated observed falls.
Meteorite Samples
The meteorite samples investigated were obtained from different collections and from some commercial sources. The relevant data on the meteorites (date of fall, recovered weight, fayalite content, classification, source of sample) are compiled in Table 1 .
We were able to prove that two of our meteorite specimens are mislabelled. Magnetic measurements 8
showed that a meteorite specimen labelled A u s s o n and one labelled M o c s were both high iron chondrites. According to the classification in the literature 2 ' 3 , however, both meteorites belong to the low iron class of chondrites. Such a variation of the chemical and mineralogical composition in one chondrite fall has never been observed yet and we must assume that some mislabelling has occurred.
We have a second specimen of A u s s o n indeed belonging to the low iron chondrite class. Its radiation age is lower by a factor of ten (to be publish- some time specimens of M o c s and P u 11 u s k have been confused and were subsequently sold with the wrong labelling. Therefore, we will designate our sample as "Pseudo -P u 11 u s k".
Experimental Technique
Sample Preparation
For the analysis a piece of 2 to 5 gms of the meteorite specimen was chosen, if possible far away from any fusion crust. No samples were used which had been powdered previously. Any remaining fusion crust and surface contaminations were removed with a small dry abrasive wheel. A new wheel was used for each sample. The cleaned specimen was crushed on a stainless steel plate to a grain size finer than approximately I mm. Care was taken not to pulverize the sample too finely. Aliquots of 0.1 to 1 gram were then used for the individual rare gas determinations. Fig. 1 is a schematic drawing of the rare gas extraction and purification system used in this work. The meteorite samples were weighed into small Al-containers. Up to nine meteorite samples could be extracted without braking the vacuum. The whole extraction system was baked at 270 °C prior to extraction. The molybdenum crucible and the extraction jacket were thoroughly pre-degassed. The samples were heated to 70 °C for several hours to remove adsorbed atmospheric gases. The rare gases were extracted by melting the meteorite samples at 1700 -1800 °C for 30 minutes. The evolved gases were purified in two steps with Tisponge and Ti-foil and subsequently Ar and He -Ne were transferred into separate sample tubes. Supremax glass sample tubes were used for the He -Ne fraction. All samples were subjected to an additional cleaning with hot Ti-foil, a hot CuO -Pd-mixture and hot CuO on the sample inlet system of the mass spectrometers.
Rare Gas Extraction and Purification
In each set of samples at least one aliquot of the meteorites Dhurmsala or Kandahar was included. The completeness of the extraction was tested by at least one re-extraction at higher crucible temperature. The extraction blanks of our procedure were determined from extractions of empty aluminum containers, small meteorite samples of relatively low neon content, and from re-extractions. Blanks for He, Ne and Ar were 12, 0.2 and 0.5 x 10~8 cc STP respectively. For some samples measured early in this investigation, the neon and argon blanks were somewhat higher.
At least three extractions on aliquots of each meteorite sample were performed, two without spike for measuring the isotopic composition and one with a sizes of the two extractions without spike were varied by about a factor of two. As a check, we have also calculated concentrations from ion beam intensities in all runs. The figures obtained in this way agree with the isotopic dilution results within 10%.
Mass Spectrometry
The rare gas samples were analyzed on all-glass, sector type, 60 degree, 10 cm radius of curvature, statically operated, UHV mass spectrometers with direct ion collection (without multiplier). No source magnet was employed for the helium and neon measurements. The sensitivity used was in the range of 2 x 10 -6 , 4 x 10~6 and 3 x 10 -5 amperes/cc STP for helium, neon and argon respectively. For most measurements, corrections due to machine background corresponded to less than 0.02 x 10~8 cc STP He 3 on mass 3 (HD), to less than 0.05 x 10~8 cc STP Ne 20 on mass 20 (Ar ++ ) and to less than 0.1 x 10~8 cc STP Ne 22 on mass 22 (C02 ++ ). The mass spectrometer blank of atmospheric helium, neon and argon was always less than 10% of the extraction blank. Two spectrometers were employed in order to minimize the memory effect from the enriched gases used as spike. Mass discriminations in the spectrometer were always small (less than 1.5 percent per mass unit) and, furthermore, were always determined and corrected by measuring atmospheric argon and neon standards and a He 3 /He 4 mixture prepared from calibrated amounts of pure He 3 and He 4 . All our measurements are based on the ratios Ar 40 /Ar 36 = 2 95.5 (NIER 11 ) and Ne 20 /Ne 22 = 9.80 (EBERHARDT, EUGSTER, and MARTI 12 ) for atmospheric argon and neon.
Reproducibility and Accuracy
As mentioned above, a sample of a standard meteorite (Dhurmsala or Kandahar) was included in each set of meteorite samples. We have thus accumulated a considerable number of analyses of these two meteorites and the overall reproducibility of our whole measuring procedure can be calculated from these data. Tables 2 and 3 give the standard deviations for these repeated analyses, along with the average deviations observed between the duplicate analyses performed on all the other meteorites.
The observed standard deviations, and thus the errors for our experimental rare gas determination technique, are all smaller than 4% (except the Ar isotopes for Dhurmsala, see below). The Ne 22 /Ne 21 ratio has a standard deviation of less than one percent. The Ar 40 /Ar 36 and -to a lesser degree -the Ar 40 /Ar 38 ratios of Dhurmsala have a much higher standard deviation than those of Kandahar and of all the other samples. However, the Ar 40 /Ar span ratio and also the absolute amount of Ar 40 Table 2 . Standard deviations of individual isotopic ratio measurements as derived from repeated analyses of aliquots of the Dhurmsala and Kandahar chondrites (sample sizes 0.3 -0.7 gm). No measurements were discarded. Also given are the average deviations observed between the duplicate analyses of all the other meteorites. * The large variations in these isotopic ratios are presumably due to fluctuations in the trapped gas content (see text).
and Ar 40 /Ar 38 observed in different aliquots of Dhurmsala are thus probably due to fluctuations in the trapped gas content of this meteorite. Table 3 . Standard deviations of individual isotopic concentration measurements by isotopic dilution as derived from repeated analyses of aliquots of the Dhurmsala and Kandahar chondrites (samples sizes 0.3 -0.7 gm). No measurements were discarded.
Standards with known amounts of pure helium, neon and argon were prepared by filling calibrated sample tubes with a known gas pressure. Two independent methods were used for obtaining and measuring the pressure: (1) beginning with a high pressure measured with a mercury U-tube manometer, the gas was expanded into known volumes until the pressure was sufficiently low; (2) the filling pressure was directly measured with a MCLEOD gauge. The spikes were subsequently calibrated against these standards. The agreement finally obtained was better than 2%.
Results
The results of our rare gas measurements are compiled in Table 4 . The chondrites are classified according to UREY and CRAIG 6 into high iron chondrites (H-chondrites), low iron chondrites (L-chondrites) and amphoteric chondrites (LL-chondrites 7 ).
EBERHARDT and GEISS 8 have shown that such a classification is indeed justified for the discussion of the rare gas data of chondrites and that significant The reproducibility of our experimental procedure, as determined from the repeated analyses of Dhurmsala and Kandahar (see 3.4), has served as basis for the assignment of errors. Additional factors, such as sample size or absolute rare gas concentration, were also taken into account. The absolute error of our gas standards used for spike calibrations is included in the errors given for the concentrations.
With a few exceptions, we had chosen meteorites for which no or only incomplete rare gas data were available in the literature at the time of measurement. In the meantime, however, rare gas results have been published of an additional number of meteorites included in our investigation. A comparison between our results and those published by other investigators is hampered by the following two factors:
a) The meteorite samples used are not aliquots and thus some variations in the rare gas contents between different samples cannot be excluded. However, the uranium, thorium and potassium contents in ordinary chondrites are fairly constant 9> 13-2°, and thus radiogenic He 4 and Ar 40 
Radiogenic Ages
The potassium content of most L-and H-chondrites is constant within ± 10% 9 ' 18-20 and also uranium and thorium do not show large variations [13] [14] [15] [16] [17] . It is therefore possible to calculate K 40 -Ar 40 and U, Th-He 4 ages from the rare gas data alone (Table 6) Tysnes Island All these features can be easily deduced from a histogram of the K-Ar 40 ages, as given in Fig. 2 generous definition of concordance has to be used because of the uncertainty in the uranium, thorium and potassium contents, and also in view of the experimental errors of the rare gas concentrations. Concordant ages are much more frequent for the H-chondrites than for the L-chondrites 26 (75% against 42%). Several explanations for this systematic difference between the two chondrite classes seem possible: (1) The minerals in L-chondrites have larger diffusion coefficients for rare gases than those in H-chondrites. 
LL-Chondrites
Spallation Produced Isotopes
In Table 6 the concentrations of spallation produced He 3 , Ne 21 , and Ar 38 of the investigated meteorites are listed. A correction for trapped gases (primordial gases) was applied, using the ratios With the exception of the three gas-rich meteorites, Tysnes Island, "Pseudo-Pultusk" and D i m m i 11, the corrections for He 3 the above assumed isotopic compositions of the trapped component should show some variations from one meteorite to the other. In most cases the correction for trapped Ar 38 was less than 40%.
Correlation Between Spallation Produced Isotopes
It has been recognized for some time that certain correlations exist between spallation produced isotopes in iron meteorites 27 ' 28 . These correlations are in agreement with general spallation theory 29, 30 . From the abundance ratio of spallation produced isotopes such as Ar 38 and Ne 21 the hardness of the irradiation spectrum in the meteorite sample itself can be calculated 29 , and thus the amount of shielding and the pre-atmospheric mass of an iron meteorite can be estimated 31 .
The first measurements of rare gases in stone meteorites showed that in most chondritic meteorites the ratio of spallation produced isotopes are fairly constant. Large variations did, of course, occur between chondrites and the different classes of achondrites 20 ' 22 ' 32_34 . In the last few years, it was then recognized that the He 3 /Ne 21 ratio in chondrites is not constant and in extreme cases variations by a factor of three or more have been observed 9 ' 35 . As this effect could not be explained by differences in chemical composition, it was thought that it is due to variations in shielding 9 and to preferential diffusion loss of He 3 . Naturforschg. 20 a, 983 [1965] . From our results, as given in Table 6 , we have found that a strong correlation exists between the (He 3 /Ne 21 )spall and (Ne 22 /Ne 21 )spaii ratios. 
Chemical Composition
In stone meteorites the neon isotopes are produced almost exclusively from spallation reactions on the elements sodium to sulphur. In chondrites magnesium alone contributes about 2/3 of the total production, and silicon a large fraction of the remainder 34,38 . The He 3 production rate is similar for all elements.
The average MgO content of the three classes of chondrites differs slightly. L-chondrites contain on the average 6% and LL-chondrites 8% more MgO than H-chondrites 6 ' 39 . The average variation of the MgO content within one of these chondritic classes is about ± 2% (CRAIG 39 ). The variations of Si02 go roughly parallel with those of MgO, and therefore the ratio Mg0/Si02 is quite constant. Thus, differences in the chemical composition between the chondrites will not influence the Ne 22 /Ne 21 ratio and can only lead to variations of ± 5% in the He 3 /Ne 21 ratio.
The systematic differences in the MgO contents between the three chondrite classes should result in slightly different correlation lines. The slope m and the constant C in Eq. (1) should differ by approximately 6% between H and L and by 8% between H-and LL-chondrites. However, with the presentday accuracy and the rather limited number of measurements, these differences are masked by experimental error, and it is justified to treat all chondrites as one class.
Cosmic Ray Energy and Composition Spectrum
The production ratio of two spallation isotopes depends on the energy and composition spectrum of the radiation in the sample. The correlation found between He 3 /Ne 21 and Ne 22 /Ne 21 suggests that mainly variations in the neon production rate are the source for the observed variations in the He 3 /Ne 21 ratio. From tritium measurements it is known that the He 3 production rate in most chondrites is indeed constant within ±20% 40 ' 41 . The cross section for Ne 21 production from Mg, Al and Si is roughly constant for protons with energies between 0.6 and 24 GeV, whereas the He 3 production cross section seems to be somewhat more energy dependent 9 ' 42 . Charged particles with energies below a few hundred MeV contribute relatively little to the production of 38 spallation isotopes. Secondary neutrons in this energy range will, however, make an appreciable contribution to the total production, because they are not slowed down by ionization. After cosmic radiation has passed through one interaction length, the number of neutrons should be equal to or larger than the number of protons. Neutrons with energies between ten and a few hundred MeV will, to a large extent, induce spallation reactions resulting in small AA, such as Mg 24 (n,2pn) Ne 22 , Mg 24 (n,P2n) Na 22 (ß) Ne 22 , Mg 24 (n,a)Ne 21 .
Thus, in large stone meteorites secondary neutrons will make an appreciable contribution to the total neon production 33 .
If this explanation holds, high He 3 /Ne 21 ratios should be found only in small meteorites. A comparison of Tables 1 and 6 and a survey of the literature shows that all meteorites with Ne 22 /Ne 21 >1.15 are small, the recovered weights corresponding to radii of less than 15 cm.
The He 3 /Ne 21 production ratio in chondrites of the primary cosmic radiation must thus be equal to or higher than 7, the highest value observed. Such a ratio corresponds to an average energy of 600 MeV (cf. Fig. 4 in KIRSTEN, KRANKOWSKY, and ZÄHRIN- 
GER 9 ).
In chondrites, Ar 38 is produced in approximately equal amounts from calcium and iron. The production of Ar 38 from Ca 40 is similar to the production of Ne 22 from Mg 24 , i. e. mass loss A A = 2 and heavy contribution by secondary neutrons in both cases. Therefore, it is to be expected that the Ne 22 /Ar 38 ratio is more constant than the He 3 /Ar 38 ratio. As an illustration, we will discuss the case of the enstatite achondrites (aubrites). 04 and thus this meteorite lies close to the correlation line in Fig. 3. 
Radiation Ages
The radiation age 7R of a meteorite is defined as r R = c I /p 0 I (2)
where C 1 is the concentration of a stable spallation isotope and P0 ! its production rate just prior to the fall of the meteorite. PQ 1 can be inferred from the concentration of a suitable radioactive spallation isotope, such as H 3 . Several different possible irradiation histories for stone meteorites have been proposed and discussed (cf. EBERHARDT, EUGSTER, and GEISS 43 ). The most simple and basic one assumes that the meteorite was completely shielded from cosmic radiation until it was broken out of a larger body and exposed. If the production rate was constant during the whole exposure time, then the radiation age TR dates this event.
Measurements of tritium in a number of chondrites have shown that the production rate of He 3 is the same in chondrites within approximately ± 20% (I.e. 40 ' 41 ). Thus, it is possible to calculate radiation ages of chondrites from He 3 concentrations alone, using an average production rate of 2 x 10 -8 cc STP He 3 /m.y. The error introduced by this assumption should be less than ± 20%.
Several authors have also derived radiation ages from Ne 21 concentrations. However, the neon production rate is less constant than that of He 3 (see The correlation discovered between the He 3 /Ne 21 and Ne 22 /Ne 21 ratios can now be used for deriving Ne 21 production rates. In Fig. 5 the Ne 21 production rate is given as function of the Ne 22 /Ne 21 ratio. It has been calculated from Eq. (1), assuming constant He 3 production rate. In this way radiation ages can also be obtained from Ne 21 concentrations, provided the Ne 22 /Ne 21 ratio has been measured with sufficient accuracy.
The radiation ages of the investigated meteorites are given in Table 6 . They were calculated by assuming a constant He 3 production rate of 2 x 10 -8 cc STP He 3 /m.y. The ages obtained are in agreement with the salient features found for the radiation age distributions of the different chondrite classes (GEISS, OESCHGER, and SIGNER 40 ); EBERHARDT and GEISS 8 ; ANDERS 25 ; ZÄHRINGER 26 ). A detailed discussion seems therefore unnecessary.
Trapped Gases
In the course of this work we have found several new chondrites with large amounts of trapped gases (primordial gases). These are Tysnes Island and D i m m i 11, containing "solar type" trapped gases; Mezö-Madaras, Tieschitz and M ar i o n with "planetary type" trapped gases. Also Pseudo-Pultusk is a gas-rich meteorite, in accordance with He and Ne measurements on P u 1 -tusk 35 . The rare gas concentrations and isotopic composition in the trapped gas component of these and other meteorites will be discussed elsewhere.
